This study concerns the characterization of the mechanical properties of the cement paste and of the cement-aggregate interface in the degraded state by a chemical leaching mechanism. This study is carried out within the framework of the MIST laboratory. The experimental tests were carried out on cement paste and composites consisting of aggregates bound by the same cement paste prepared with a water/cement ratio of 0.5. The particular experimental devices, designed and produced for the purposes of this study, made it possible to directy solicit the composites at the cement-aggregate interface. As the process of leaching with the deionized water occurs very slowly, the experimental study is accelerated in the laboratory by replacing water by ammonium nitrate solution. To quantify the development and ki-netics of chemical degradation at the cemented bond, the concrete leaching fronts are characterized at different times of degradation by using phenolphthalein. The local mechanical tests (tensile and shear) are performed on cement paste and composite at different degradation rate. The experimental results show a fast drop in shear or tensile strength of about 45% at the beginning of degradation. These results confirm the effect of the cement paste-aggregate interface degradation on the mechanical properties.
Introduction
The concrete is a porous and heterogeneous material filled with a interstitial solution in thermodynamic equilibrium with solid hydrates. The interstitial solution contained in the porous structure of the cement paste is highly charged with alkaline (Na þ , K 2þ , Ca 2þ , OH À ) [20] . Those ions contribute to the chemical equilibrium. The contact of the concrete with water creates concentration gradients in the interstitial solution between the outside environment and the core of the concrete. This gradient causes the development of a degraded zone in the cement paste and the diffusion of calcium in the interstitial solution toward the aggressive solution. Moreover, this diffusion perturbs the established equilibrium between the interstitial solution and solid phases and leads to the dissolution or precipitation of the solid phases. The decrease in the concentration of calcium in this zone induces the dissolution of Portlandite and the progressive decalcification of C-S-H. The consequences on the cement paste microstructure are an increase of porosity which has important consequences to transport and a decline of the mechanical properties of the cementitious material with time: a loss of elastic properties and a loss of strength [6, 8, 15] . Several studies have been conducted on cement paste and mortar leaching at macroscopic scale [1, 2, 6, 8, 16, 19] . The local hydration conditions in the areas close to the paste-aggregate interface are altered at the beginning of the reactions. This change is due to the presence of an excess of water due to either the wall effect or to the bleeding. These two phenomena lead to a local increase of the pores volume in which the hydrates can be developed. It is well known that the porosity of the cement-aggregate interface is always greater than the porosity in the bulk paste. So, this higher prorosity increases the dissolution rate of portlandite and decalcification of C-(A-)S-H and, consequently, accelerated the chemical attack front at the interface. On the other hand, the presence of aggregates influences the diffusion rate, the aggregates slow down the transport of the material due to the increase of tortuosity [17] . demonstrated that the effective diffusion coefficient of concrete decreases with the aggregate content until it reaches about 50% [18] . carried out accelerated leaching tests on cement paste, mortar and concrete to highlight the aggregate effect on the leaching kinetics. Comparing the degradation of cement paste and concrete, the results showed that the presence of aggregate constitutes an obstacle on the pathway of the material transport in the cement paste, which slows down the calcium ions diffusion process, and may introduce additional tortuosity. Until now, few studies concerned the effect of the cement-aggregate interface in the literature. To characterize the leaching effect of the cement-aggregate interface on the mechanical properties of cementitious materials, a set of experiments were conducted by Carde and François [5] on cement paste and mortar, with or without silica fume. The addition of silica fume allows the consumption of portlandite by the pozzolanic reaction to form C-S-H, thus densifying the microstructure and leading to interface reduction [9] . For samples containing silica fume, it has been shown that there is little difference in strength between cement paste and mortar. This in particular may be explained by properties of the interface which approximate those of the paste. In the case of samples without silica fume, there is a greater loss of strength of the mortar compared to that of the cement paste. Indeed, this is due to the high concentration of the portlandite at the interphase. The preferential leaching of this hydrate causes a considerable reduction of the mechanical properties. An attempt at a direct characterization of the leaching effect of the interface was carried out by Buzzi et al. [4] . They subjected rockconcrete composites to accelerated leaching using ammonium nitrate with concentration of 6 mol/l for a period of 100 days, at the end of which shear tests were performed. It has been shown that a degradation of a depth of about 2 mm produces a radical change in behavior due to the local loss of mechanical properties. In a recent experimental study at local scale [12] , submitted composites, consisting of two spherical aggregates bonded by a cement paste, to accelerated leaching by ammonium nitrate. These samples were subjected to direct tensile tests which solicit the cement-aggregate interface at different time of degradation. They have a fast drop in the force at rupture at the beginning of degradation.
In this paper, we propose to characterize at the same local scale the leaching effect of the cement-aggregate interface on the mechanical properties by considering two original geometric configurations of composites samples. The composites are subjected to direct tensile and shear tests after accelerated leaching.
Experimental program
The aim of this experimental study is to characterize the effect of the chemical degradation by leaching on the mechanical behavior of pure cement paste and of cement paste-aggregate interface. This is achieved using direct tensile and direct shear tests, on the same samples and the same mechanical tests as proposed by Jebli et al. [13] .
Geometric configuration of the samples
The tests were carried out on prismatic composite samples. This composite consisting of limestone aggregates and cement paste. The geometry of the samples is the same as that defined by Jebli et al. [13] (Fig. 1) , to study the mechanical behavior of cement paste and cement paste-aggregate interface during hydration. The same materials are also chosen, as summarized in Table 1 .
The chemical composition of the cement used is shown in Table 2 , and the diffractogram of the limestone aggregate is presented in Fig. 2 . The diffractogram shows that this limestone is very rich in calcite (CaCO 3 ), and we also find very little quartz.
The composites are prepared using special molds (Fig. 3) , with a constant distance between the agregate in the case of composite for tensile tests. After preparation, the composites are removed after 24 h from the molds and conditioned 40 days in water saturated with lime.
Mechanical test
As shown in Fig. 4 , the mechanical tests (direct tensile and direct shear tests) are performed with the mechanical devices detailed in Jebli et al [13] . The tests (tensile and shear tests) are performed with the MTS machine at a constant loading speed of 0.01 mm/s. For the direct tensile test (Fig. 4a) , the sample is fixed to the machine by means of the rods. During the tensile test, the force F is measured and the stress s is calculated (Equation (1)). For the direct shear test ( Fig. 4b) , the device test consists of two metal boxes and screws to apply a normal force N. This force is measured by means of a force sensor (LCMKD 200 N) set at the rear of the sample. During the shear test, the force T is measured and the stress t is calculated (Equation (1)). The displacement, although imposed during the tests (tensile or shear tests), is corrected by the results of the image correlation [7, 13] . The relations between the variables are:
where S 0 is the initial section of the sample and A 0 the corrected contact section of the cement paste/aggregate during the shear test.
Leaching process
The objective of this experiment is to analyze the effect of chemical degradation on the mechanical properties at the scale of cement-aggregate interface.
Leaching of a cement paste specimen by water implies a very slow process of chemical degradation. It is then necessary, for laboratory experiments, to use techniques to accelerate this phenomenon. The degradation by ammonium nitrate (NH 4 NO 3 ) was chosen by several authors [3, 6, 11, 14, 16, 19] : it causes a degradation similar to that observed during pure water leaching, but with a shorter characteristic time. This degradation method consists of immersing the samples in the ammonium nitrate solution with a concentration of 480 g/l. The characterization method with indicator dye was chosen to identify the degraded thickness of composites. This method has been successfully used and validated by several authors [16, 18] ….
After 40 days of storage in lime water to limit the dissolution of the cement paste and to protect them from the effects of early drying, the composites are immersed in an ammonium nitrate solution. During the leaching process, the pH of the solution is monitored (Fig. 5) .
The volume of solution is sufficiently high so no new solution has been added during the test. At different degradation times (respectively 1, 6, 24, 48, 72, 96 and 101 h), the samples were removed from the ammonium nitrate solution and then placed in another container with pure water for one day for rinsing. After the rinsing step, the degradation depth can be measured (phenolphthalein test) on the samples and the mechanical tests can be performed (Fig. 4) .
To ensure the contact of the solution with all the lateral surfaces of the prismatic composites, the samples are vertically placed in the container (Fig. 6) .
Nguyen et al. [18] has shown that limestone aggregate is not stable in a 6 mol/l solution of ammonium nitrate. To eliminate any effect of aggregate degradation, a first experiment of accelerated degradation of the aggregates used, has been carried out. The purpose of these tests is to observe and analyze qualitatively the effects of chemical degradation and leaching kinetics of aggregates. At different degradation times, the mass and size of the aggregates are controlled. The test carried out on the aggregates shows that these aggregates are stable over the duration of our tests, a short duration of 101 h compared to the 142 days-long tests by Nguyen et al. [18] concerning to the ammonium nitrate solution.
In order to demonstrate the effect of the degradation of the interface on the mechanical properties, the results of the degraded cement paste are compared with that of the composites. The cement paste samples are exposed to the same chemical degradation. The upper and lower parts of the samples are covered with an adhesive tape that is not reactive with the solution (Fig. 7) in order to protect the support.
During all the period of the test, the degradation thickness of the sample is regularly measured. To be characterized, the sample is polished to the center with a polisher (Fig. 7) .
The phenolphthalein is then injected onto the cross-section of the cement paste and composites. After a few seconds, two distinct zones can be observed: a pink zone corresponding to the sound zone and a gray zone color corresponding to the degraded zone. The measurement of the degradation thickness can be carried out 24 h after the application of phenolphthalein. We performed four samplings at six degradation times (1, 6, 24, 48, 72 and 96 h) to measure the degraded thickness. Some illustrations are shown in Fig. 8 for different degradation times. Fig. 8 shows an increase of degraded area with the increase in degradation time.
After spraying the phenolphthalein, the measurements of the degradation thickness were made on three samples at each degradation time. Four measurements on each sample are made from the edge. The mean value of the degraded thickness is retained. The diagram of the method for measuring the degraded thickness (e) is illustrated in Fig. 9 . Fig. 10 shows an evolution of the average degraded thickness of cement paste and composite as a function of the immersion time in ammonium nitrate expressed as a square root of time. Fig. 10 shows a similar linear evolution of the degraded average thickness (e) measured on both types of sample as a function of the square root of the immersion time in the aggressive solution of NH 4 NO 3 : a slope of 2 is deduced, similar results have been obtained by Tognazzi [19] and Heukamp et al. [10] .
For each degradation time, the sound surface S s is measured and the degraded surface S d ¼ S 0 À S s , where S 0 is the initial surface, is deduced therefrom. The surfaces are calculated in the transverse direction of the samples as shown in Fig. 9 .
In order to analyze the degradation influence on the mechanical properties, a degradation rate d is defined: it corresponds to the ratio of the degraded surface S d by the initial surface S 0 :
where e (in mm) is the degraded thickness. SEM tests were also performed to visualize the degraded thickness at this scale. The composites must be prepared very carefully to visualize the cement paste-aggregate interface. The samples were immersed in epoxy resin. The degraded samples are fragile and break easily that make their preparation difficult, therefore the degraded thickness at the cement-aggregate interface can not be measured. 
Mechanical tests
In this section, we present some results obtained in mechanical tests, tensile and shear on sound samples (reference) and on samples chemically degraded by leaching. At each chemical degradation time interval, the prismatic samples were subjected to direct tensile and shear tests (respectively for 6, 24, 48, 72, 96 and 101 h). The tests were carried out on composites and on cement paste alone to highlight the effect of the chemical degradation at cement-aggregate interface. The displacement, although imposed during the tests, is corrected by the results of the image correlation [7, 13] .
Direct tensile tests
The sound and degraded samples, with three samples at each degradation rate, were subjected to the direct tensile test to measure their strengths. Fig. 12 shows the stress -strain curves for the cement paste and the composite. Fig. 12 shows a decrease of the strength s r and of the Young's modulus E t with the increase in degradation rate for both samples. At the beginning, the decrease is more pronounced for the composite than for the cement paste. A quasi-brittle behavior is observed at each degradation rate. The evolution of the strengths is then plotted as a function of the degradation rate in order to demonstrate the effect of the leaching with ammonium nitrate. Fig. 13 shows the evolution of the average tensile strength s r as a function of degradation rate d. The standard deviation is calculated from the results of three tests at each degradation rate.
It is noted a decrease of strength with increasing degradation. The ratio of the resistance of the composite to the strength of cement paste as a function of the degradation rate is shown in Fig. 14 in order to demonstrate the effect of the presence of the interphase on the mechanical properties.
A very considerable loss of composite strength is observed at the beginning of degradation (d ¼ 0:2), a loss of about 45% in the case of composites whereas a loss of 30% in the case of the cement paste. This fact reinforces the idea that the cement-aggregate interphase is more sensitive to degradation than the cement paste due to the higher porosity at the interphase. This porosity increases the diffusion of the ions to the exterior, thereafter accelerates the degradation in this zone. These results confirm the results of Jebli et al. [12] obtained by tensile tests on composites degraded by accelerated leaching (NH 4 NO 3 6M) but with spherical aggregates.
The Young's modulus, denoted E t , is calculated from the linear slope of stress-strain curves. Fig. 15 shows the average of Young's modulus as a function of the degradation rate for the tensile tests. A similar decrease in the Young's modulus is observed for both sample types.
The linear behavior up to rupture and the quasi-fragile fracture allow us to calculate the critical energy from the following relation [13] .
where s r ðdÞ is the strength at degradation rate d and E t ðdÞ is Young's modulus in tensile test at degradation rate d. There is a decrease of the critical energy with the evolution of degradation. This decrease has a similar trend as the decrease of strength for both materials. For the composites, a fast decrease in energy is also observed after a degradation rate of d ¼ 0.2.
Direct shear tests
In order to evaluate the local mechanical behavior of the degraded material, three prismatic composites were subjected to direct shear tests. The results of the shear tests on the partially degraded composites are compared with the results of the sound material. The same tests on the cement paste were carried out also to demonstrate the effect of the degradation of the cementaggregate interface on the mechanical properties at shear test. Fig. 17 shows stress -strain curves at different stages of chemical degradation during shear tests, without normal stress s s , for both Fig. 9 . Scheme of the measuring method of degraded thickness. Note that the value of the measured thickness is corrected thereafter, multiplying by a correction coefficient of 1.17 [16] ; because the phenolphthalein does not give the exact position of the dissolution front of portlandite. By observing these results, a decrease in the tensile stress and the tangential modulus is observed when the degradation increases for the composite and the cement paste. As for the tensile test, there is a rapid drop in the resistance of the composite for a degradation rate of d ¼ 0.2. Beyond this rate, the rate of loss of mechanical properties decreases and tends towards a constant. On the other hand, in the case of cement paste, a gradual decrease in mechanical properties is observed with increasing degradation rate. The critical energy is also calculated for the shear test in the same way as for the tensile test (Equation (3)). Fig. 19 shows a decrease in average critical energy W s with increasing degradation time. The evolution of critical energy is similar for both materials (cement paste and composite), with higher values of the cement paste than that of the composites.
After the characterization of the effect of degradation on the shear stress respectively for pure cement paste and the composite "cement paste-aggregate", we are interested in the effect of the normal stress s s on the shear strength t r of previously degraded samples. The degraded samples are subjected to direct shear tests at different normal stresses. The obtained results are presented in A linear increase in the shear stress t r (stress at peak value) is observed with the application of the normal stress for both types of samples. The slope is less steep when the degradation time increases. This evolution allows to represent by the Mohr-Coulomb criterion (Equation (4)), and to deduct the local friction angle f and the local cohesion c at each degradation rate. 
Discussion
Leaching of cement-based materials by deionized water leads to a degradation of mechanical properties. This chemical attack induces a complete leaching of the portlandite and a progressive decalcification of the C-S-H. Due to the slow leaching kinetics obtained using deionized water, an accelerated process (using the NH 4 NO 3 solution) was carried out on composites and on cement paste at the scale of the cement-aggregate interface in order to demonstrate the effect of leaching on the mechanical properties. Similar leaching results are obtained for the degraded thickness at various samples (cement paste and composite). The cementaggregate interface degradation could not be observed with phenolphthalein due to the small thickness of this zone. Thus, the results of the leaching presented here are those of the cement paste that binds the aggregates. As has been shown above, all the facies of rupture of the tensile tests and shear tests show that the loss of cohesion occurs at the cement-aggregate interface. Moreover, tensile and shear tests on the composites showed a very fast decrease in strength at the beginning of leaching (d ¼ 0:2), which was not observed in the case of cement paste. This suggests that the degradation kinetics is faster at the cement-aggregate interface, occurring a loss of cohesion, resulting in more significant degradation of mechanical properties.
This phenomenon could not be observed on a macroscopic scale for which leaching kinetics appears to be faster for cement paste than for concrete. Several authors attribute this effect to the tortuosity of concrete, which is a limiting factor in the diffusion of ammonium nitrate ions. At the scale of the composites studied in this work, the effect of tortuosity can not be considered.
Conclusion
Most experimental studies concerning the effect of leaching on the mechanical properties of cementitious materials have been carried out on a macroscopic scale and to a lesser extent on a mesoscopic scale. The work proposed here constitutes a contribution to the study of the effects of leaching at the scale of cementaggregate interface. These effects are described using direct tensile and direct shear tests at this scale.
The mechanical tensile test allowed us to characterize the cement-aggregate interface of composites. The results showed a considerable decrease in the tensile strength from the onset of degradation. The comparison of the results of the tensile test on the cement paste and on the composite confirmed this observation. In the case of cement paste, a more progressive decline in strength with the increase of degradation time is observed.
The results of the direct shear test confirmed the trend observed during the tensile test. The results showed a fast drop in shear strength at the beginning of leaching. The increase in the normal stress at each degradation rate shows the evolution of the local friction angle and local cohesion with the increase of the degradation. The evolution involves a decrease in the local friction angle. This suggests that increasing the porosity of the cement-aggregate interface changes the contact surface state between the cement paste and the aggregate. The friction angle decrease is more prononced in the case of composites compared to cement paste. This suggests that leaching kinetics is faster in the presence of interfaces, which are clearly more sensitive to degradation. The interface can be attributed to higher porosity and portlandite concentration in this area. This high porosity accelerates the phenomenon of ions diffusion, and thus constitutes a preferential leaching vector of the portlandite, which is more abondant in this zone. The reaction leads to a fast loss of adhesion between the aggregates and the cement paste, as a consequence of a fast degradation of the mechanical properties of the composites.
